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Abstract  PF (pulmonary fibrosis) is a lung interstitial disease characterized by excessive ECM (extracellu-
lar matrix) accumulation, leading to alveolar damage. Its pathogenesis is complex, involving various cell types and
signaling pathways, and no cure currently exists. Lung vascular endothelial cells play a critical role in the initiation
and progression of PF. These cells can undergo EndMT (endothelial-mesenchymal transition) to become myofibro-
blasts, promoting fibrosis, or they can drive inflammation, secrete exosomes, contribute to vascular rarefaction, and
cause vascular dysfunction, further advancing the disease. Targeting lung vascular endothelial cells may thus offer
a promising therapeutic approach for PF. This review will examine the role of endothelial cells in PF, providing in-
sights for more effective treatment strategies for patients.
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PN B2 40 B ) 9 LR AT 4 40 i X A, JF SR mIe gt 1
PFIR B R WA 4 40 M b A N 2 4 4EAL 1)
%2 5%, B IILE N B2 4 £E PF /R R I 4F
SRIZW 2 B AN, A B A o i 4 e 2H ) 30%,
HAFTE SRS, it 07 A R 40 ) i 2 R I AR Rl
1) 2R VR A2 I 21 4R A0 I B 22 AR ) 2 R TR UG o R 4
JfLZE PRI AR AL HA A 0 T 2
A b Bz 2 TR] ) A o B R %, il 32 4 o 2 3
M543 , TS24 A B 4t i ] o IR 2F 4 AE A I
Fid@ i N Jz (8] 78 5 7% 4k (endothelial-mesenchymal
transition, EndMT )i % 21 fifi 52 ot [X 355 20 1 L
FCETYELRAE 5 53 A N R 40 P 3 W] o 98 0 Je B A gk
RIS, 25 GRG0 E D) Refsts, 5
T I 3 WA S A AR TR T it AR AEARTY . SR H A 20 A
FRAUAHEL , 5% T L8 A Bz 4 it J LA PR H A
I TEARNS I ) o PRI AS SCE53R 17 i A A 2 4
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AR AR F O A0 s R IS N R AE I 2F 44k
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25 M EPEERED, FELAYEtb i, w7 AR I
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T 45 17 PR T 388 2 U AR, B2 5 A I e 7 A
ENIgG. IgMELIgA A FFEREE FIPTR, FEAE MG H
FSr I B BB AR HUAAR BEPE, X R HLULRH 1 IPF ] B2
— PP B AT N AR SR AR 1) 1) B B S5 1 N R 4%, Bl
J (R AT 4R 3 W AR B A 3 B R AR A B 1)
H AR R 7 IR B B S B o 5y — B FLAE IPF 3
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B FEREDIRES T, P2 R Wsha . SR
PN DR 0 S BT I ) S5 ) ) w30 B A 4
IF51 K EndMT, M3 K Dy i fEas A A 1 Bife
AT BEIA P, (1) —BUA AR SR, RS AT
THIK BN RGP R AR ER, RIN
I R B SRR S o ot A B R LA LA R
o ARAMIFFL R, BhAESRAT ™ ARG E N R
i RSN a1 W P e vaw G b [ IR A DS i N
WU CD31 I ZRIE K FEAK, R WIS RT LA 25055
FEndMT?. (2) 18K % & (bleomycin, BLM)AbEE
FE R SEUEMEAR A, SR N A DNARI, %
T Wntf&E SR 14, M 7 EndMT™. (3)
FERREMASE T, EndMTHIREREINE] , G458 A 40/
% -1B(interleukin-1B, IL-1B)~ R IAFEA T -o(tumor
necrosis factor-o, TNF-ot) 4% 464E KK 1-B(transforming
growth factor-B, TGF-B)%5 & E K F-7E PR _L i, 0
P R4 55 5 EndMT>, (4) BFFC R BN B 40 vk
AEAESZ BN 458 (1) 3 s DR KLF2, How] DA ik
I8 A BRI /D EndMT, 7552 31| 55 8YH R 7 i m i
N R AR R AT RE 2. SRTTE BLMIE S 1/
SRPF A, KLF2ff12ik R, 1X 3R, 7EPFII P 4
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I FHKLEF2 ()3 e 1 7 N B 4H iU EndMT
2.2 FATBEndMTHI 5 FHLH

22 Foft 43 - 30 2% O W A R 28 B ) EndMT i
T2, B TGF-B. ‘B IEA KA E H (bone morphoge-
netic protein, BMP). Notch{s 5% 5. Wnt. N
% -1(endothelin-1, ET-1)%5 227, LR 2405 5@l
5 TGF-B1E KA T EndMT, TGF-Br] {i£ 3 Notch 5
HEREE A, BEiNotch il N £5 4 35, #E 134 5 TGF-B
55151, WotFIET-100 #3538 TGF-B5 5, X Le(F
5 3R TEL A S e 2T T 7 o 4 A e R
SRR 7, 5 B0 P R 0 i 2 A0 R LR AT 4
YT e AR BB AT 20 272, Horp i IR AN
TGF-Bitf i 0 Smad WAL AR (5 = 38 % 51
i EndMT® . TGF-B4 & 5244 5 % Smad2/3, I 5

TGF-B —

Smad4 B R E A A, ALt EndMTAE <3 B (6 5% | 1
Smad 7 w] ] ik F2 B Smad2/3 % 0E )5 , (it
NADPH%WLE@ 4(NADPH oxidase 4, NOX4)[f]j ik,

75 F 85k K1 Snail-14) S ) EndMT.  Snail-1]
Yﬁ‘fil_l‘i*)% JR A B 3(glycogen synthase kinase
3, GSK3)/1- BB AL 1 17, GSK3R 2t Snail-1, {2
HEHE I AR (B AR AR 202, AL, GSK-3IRTE 1
2 B c- AbLI il A1 & ¥ C-8(protein kinase C-,
PKC-8) i+ P, WKW, FE4 A% RNA W4/
RNA(microRNAs, miRNAs)7Efili 4F difbH th = 5
EndMTH) 75, miR-21F1 miR-27b7E TGF-Bi% S [
EndMTH B3, # e AT TR 80> EndMTHY KA, 3k
— 3R B1IX L miRNAsTE EndM T 5 o & 4% B B4
PB4 ( 1.
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. degradation \

Non-Smad pathway

Gene transcription

EndMT

EndMTE’]’JJ\?mﬁ? FHP N TGE-B5 N B 40 i 45 &, B 5 1805 Smad i 8 A1 Smad 3548 45t P 40 B P9 435 5 i B
SMEndMT. Snail-1/&EndMTHI CEE AT 7 T, 52 GSK3 T I8 IR b 3%, Forh GSK-3MM I IR 1t 52 c- AbIAE AIPK C-0 IR 4% . k4,

Snail-141

%ﬁbﬂtmf&RNA WimiR-21ImiR-27b, WAEJAFEENdMTH R AE/EF

TGE-BHIENOX4f KI5, T8

The molecular mechanisms of EndMT primarily involve the binding of TGF-B to endothelial cells, subsequently activating both Smad-dependent and

Smad-independent intracellular signaling pathways. TGF-$ stimulates the expression of NOX4, leading to Snail-1-mediated EndMT. Snail-1, a key

regulator of EndMT, is modulated by GSK3-mediated phosphorylation, which is regulated by c-Abl kinase and PKC-5. Additionally, certain non-coding
RNAs, such as miR-21 and miR-27b, also play a role in the regulation of EndMT.
El1l TGF-BiFSEndMTH S FHLE (A EIR FFigdrawia &)
Fig.1 Molecular mechanism of TGF-p inducing EndMT (by Figdraw)
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it 08 s 2T 248 00 M ) 348 0 B 3 4 o LR T 4
YA BT I 45 44k B33 2, LS AT 4 40 Al it i
HEECMIP =2, 3 — 20 IRt A 4E46 P, FEPFH, &
I3 WURR 2T 4 40 i R YR T il ) Rz 48 e . HASHIMOTO
PR R EBLME S PRI, 296 16% 1 )i
FICET 2 40 SRR T il 9 R 4 . A S T e et
AN I 25 B R , (R AT Ak XSk ) P B
Y1 R SR B ) 7 R AN A R (T R, NI
LA ZE)J) T EndMTIE 2 B8, BiF b R B, 768U
PERLT A, fil 3 2 f S A AT . /N BB
w5 At ) LR SRR B S
IR BB Z I A LY, AR A S B A A
WIS TGF-B(E 5 il B R it EndMT, M5 850U
JE B SR TR, HaX — 1 #2 k AEAE EndMT 2 |/l 2170,
YT EndM T2 LA 4EAH A ) — AN B ER I, BT e
TERTEF A R A R R FE B EAEF , DA R g
#1 EndMTRCN - R0 T6 7 TR F B . BOLHIEh
IR FEAF S 13X — W A, FUZSE ORI, 2608 pRs H
(IR Fr b, 21 4 Al 5 SR SR L I it 5 & L, 9F
P B 2 35 1 R P EndMIT, 76 /N BRURE RIS PE 4T 2 b A%
T ot W05 B AU E L, T3 — AR R AR N o T
1AW A AT DL AMPK/FoxO3/SIRT 3 411
EndMT, MIMTZEAR T /1N BRI T 4T 4tk . 25 BT
&, EndMTTEPF R IRALEI AT e R IECEIE . R
YR S0 L 2T 4 AL il 2 21 e (1 P B2 5 18) 78 o s
MIFLRIE K AR EndMT, (HH T EndMT2E— A 3h25id
2, HILFHUSI A e Sl e B, /Rt — R R,
PLIR N FE AT T AL o

3 MRS KR N R 4EL
H{ER

PN B2 A0 2 JOE S L ) 1 22 5 3 AR
IEHRGE TS A B A A2 i AL 1, AR 35300 B BEOIRES
TR G, WS A A B AR A SR AT AL
JONE SN RS SRR T, e AT B 51 R BN
O B A S L (o P B 4 IR P s v o3 e bk
RAEFIEE FAE DB BL. #7 S SORE R 847
TE, BRSO AT A NI RE, J5 AL R
20 L AT S5 AR IR o Ak SERESHITA], LK
LY I B P AR ECM, e S ERUIAT A b 11420,

FESFNEOR BT 51 &2 ) PRHy, A7 72 it B 40 5

R AR B AR, AT 5 B 2T 24 A 4 i BT R
T8 3 R T ARE R FH S S AR ™. WILLIAM-
SONZE B4R 5% J I, BLMALEE Py Bz 41 g T 75 5 41
Ji0 18] 2% ff 43 ¥ -1 (intercellular adhesion molecule-1,
ICAM-1). I 40 HIEE B 53+ -1(vascular cell adhe-
sion molecule-1, VCAM-1) L A 5 4% 41 j #a 1k B
[1-1(monocyte chemoattractant protein-1, MCP-1)#/l
IL-855 21k, ATl v 1) S e A B B 4, i
BT AEAC ) K e o il A B 40 B TR A A B 1 i
5 1 [ 5 A0 B 7 il 2 4 A 1) R ML) R S DB
FH, 78 980E J5 JHRY BY, M2 28 [ 00 241 i 3 3 o W e 41
YEAL KU TGF-B ML N Bz A KK 1 (vascular en-
dothelial growth factor, VEGF). L/ J& M AE K K]
“F(platelet-derived growth factor, PDGF), J /i £f- 2
A EFEHSS, {H— TS TPF T 2H 23 P 57 21 RN A 1)1
FPRIEFER B, £ TPF A i A B4l A ICAM- 1383 7KF
BTG, St P R A A 3 P A e 7 52 4], 2 B
X T] e IPFH I — Pk AL, FH DA ZH 2R R
NI JRE W YINSE IR ST R B, BLMARHE K R
I i L A7 PN g A i T 5 3N R A A T, AR 4T 4
A4 B IR -F- TGF-PAN 4 4 41 23 £ K [A]F- (connective
tissue growth factor, CTGF)f) & A1 433 ik, e itk
FSCET 24 40 B 1) AL s £ 24 40 i A 5 P AR IR, B¢
FRIGEFYEAL , BL TGF-BAIHT CTGFHUARENS I/ ik
JRE R, IR 4Ef . B 2m i RNADI P ik — 22
RIN, W B 5EK TFOXFI/ETPF B35 A/ R BLM
A ili A B2 4 B o 08 TR, /N BN B2 R S P FOXFL
) I i JER TR AT 28 0 , FOXF 163k 5% 1 A 5 241 g
FSE I 34 TL-6 TNF-o % K7 {12 3k i e £F 4 41 i
WA RZRAEA, BB E VR RIT RS, S KA
YEA O, PN R 2 BRLAE it AT A 98RE i B H 47 e B
B, O T L G 4 i SR AR MR 2T 440 ]
TRETR, PRI, IRAIR D N R 4HOAE RRE 5 41 4E0 58
B sha WA ER, oG IT SRR AR 1 T 1A,
R ) 2 1 I Y AR A R R R E RS T I8 R
(H2).

4 PR ZBRRKIRAVSNL A TE R AT 4E L P
HI1EF

SR LIS £ K TR, ST M e
FH AN T 533, 5 A B2 M R B B
(AT MR AR ) B4R F 2 57 o 0
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TE TE 5 A B 26 AR, il P R 240 i 3 73 i Dy i 14 4
W, Z 5 aE R, R, SO, T I
ARG S AR R AR 2 LR LA
THREECE, il R A0 B AT A i A I AR B S 4 R
R AR CRAR | 3 ek 5 e S 200 A T e i S ) B
FAE IR0 ) R ML R R HEAE T B2, AT
I, il 56 2 N R A MK IR 1 A AR A miR-
31, miR-21MImiR-217%5 & 3& & R0 K1, 7T A
FUAh TE AU F5E el L R A 2 5] Rt
RAE, BIANTPFS) ., 7RSSR 264 T, I R4
MO A R AR T e & A (R T 4R R 1, AR T4
QUFYEL I I R 2 T 2, DESE PR DU 2 R A
1L FE 2(lysyl oxidase-like 2, LOXL2)FEE T P 2 4H
HRTAE R AN R | FEAE B S N RIS BRI,
LOXL2i# i fi# b ECM A st v B 1 AR 5L 2 1 1 A8
1K, S8 IECM PRI RO LA 1 e, AT (2 1 I 2 4 £k,
(I o IR FR N A A PRTE SR AR I 2 1 Jo 38 ECM 22 %2
HORFE TAEFI B, PN B 4 = A R il A7 A
HAT PR T i 4L FE () miRNAs. WANGE: Bk

BT P R 40 3 5L 72 A 4 miR- 107 A i 44 2 25 52
M JE] S P 7 AL R R ) 400 P A B0 T T 4 4
M2, £ 5T ECMUTRR, JF BRIl 47 4L,
miR-107 ) 7M AR BE 8% S I I 2 4E 4k, BAEIGIK IPF
FEA AT BLMiF 3 (1) PR/ B A1 miR-1077E £ 4
PO AH A A 578, XTE S BV B S 5 1 i Y Bz 41
i () &R s 44 i miR -let-7d AT BB 5 il & 40 il TGF-B
AR R BT X 25, S R, 2 i i P R 4
Jfl miR-let-7d4MBAA 73 WA E /D IS) , TGF-BAE 5 18 B 4
BOE , A SELT AL . B 0T R BTN R 40
A DU Tt 43 A A/ A AR SR 1R 1 I 9 Wk 24 i T P
PERAL, HET A G e LT dE AL BT AT AL T H 4y
1k, £ BLMi% S 11078 B PEASE AL oy | A< B9 VE Y T B 4
JL R E ) CD3 1A s A 8L CD 74 M A A 38 528 18 =5 i
T E MR e R, SRR AT 4EL, BACHA
SO0 L5 i R ABER EL, TPF R 130 Hh Y B2 41 g
KR CDO2E #h b B i . 3 Ty, HHOKPid s
PRI AR R AEA . XIRR LA W S1{E N TPF
() — TR A bR B . B 2 il A A A R ok

vaQ

Endothelial cells

Myofibroblasts

ECM
© LOXL2

Exosome

2 miR-107/miR-let-7d

L e®)

&

Voo

PR £ 3 3o 4 A 200 6 DR (i 0 S A I S AR, DA S MR A AR A M2 A LR T I R Ak, P R A RS AT 4E 2 R S AR ECM Y B 4
NI L 7 WA A AR AE ECM 2 38 v R #2431 R A i 4 kA R 2
Endothelial cells regulate pulmonary fibrosis by secreting cytokines that promote macrophage recruitment and polarization into M2 macrophages, while
also activating fibroblasts to produce ECM. Furthermore, endothelial cells contribute to ECM remodeling and modulate the fibrotic phenotype of peri-
cytes through exosome secretion.

E2 AR HBRTE R A4 AL B HL

Fig.2 The regulatory mechanisms of endothelial cells in pulmonary fibrosis
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WARAN S SR 4EAL I 1L , 3 w) GO 2 W AR
7ROV AERE i DRLG IR NBIE FE M IA A AE fili 1 44K o
I EARNE B, JCH R H AR P 4R AR DG 3k R R T
VR AR S B R A S R AR Y, K i 92 W A
9T MG T R SRR R (K12).

5 AREHAERES5MERREMTLHENL
FE{EA

L7 A 8 T % B ) PR, T8 5 P 4F
YEAk,, BRI 5 5 4T R0 ™ F R A OG0,
T 72 2 BLTE TP (1) £ 3 o i 6 =6 200 of 7 % 55 70 41
YAk A DX S Hp R S RGN T LR £ 4 A AR X 3 R
FHRZBEARI s SCT2 MM G F BUEH R A 4, b2
HRLA YA T FEUME M BX — 258, BATiiFAE
G, (H IR ORI T4 4EL, MRS
B RERAS 2 nLE S A S B 4R, 1R
BLM %53 1/ PRALAY W 98 R ISR 6 R 5
FRICIIT P S 4 2 5 2 5 e (R A1 44 A1 5T (1 CTGF
TGF-B. PDGF%)HIRIEKF-, HARAILRES 3 LT
Y4 M ) LS A o4k, S EUR IR A RO D, i
IR EAAE A A e rh I E S A 0, —
THURIE 5 2 B0 BLIMLAL 345 (14 /)N B0 1L 38 7 7 4009 A Rty
BE, BHE B m i, B I AR G Ih AE BE B EE, HL
A THBOSR B> 2N T IEH A BE A il 2R
JiR A5 S AR 67 R A il 4 4 Ak 1) 1R Y B e A
RN A il I % P PRI B AR, LI — AR Ak 55 P i g
() AR B I AH O, 5] S I/ A 3 1) R 2 60 4 AR
I AR A K DR e = 25 8, 7E TPF H (1) - A Y
B b R A Wi 5 80 W Y TGF-PREIN, TGF-B
AT LU0 A R A B, 5] R O A ) R I A AR
Ji3 (140 VEGF) [ 247, 3 E0A B 20 it S 38 e A
P82, JF HAE IPF B Myl A R I T —Fh 1) iy
B A B oA, Be W 51 I A 4 9 o P B
YA IRFE U700, 3 A e BLAE £F 44k il R BE 65 45 AR
A YL B B 12 B A AR Dy iR 28 R 3 AE R
— WA L P R A M B ek, ISR B P R AT e
AR I BRI B TR A 2R 40 1) T8 A U181,
CAPORARELLOZ "t Fi R B, I N4 T E4F
/N BLM, Bl T B MR D, Hl P R 40 &
B A 28 o Ak 35 DR 2 0 b A I A R A i R Rk
TR AR 2 £ BEAL R SIRT s ik H 2% 2Bk
AT P R S T 4R P B 4 AR I A A T

it M SIRTIZHAEREAS Y, Notch 115 5 M 47 0S
SHEMME WIS 5 REMMEERE. xR
B, SIRT 13 i #0141 Notch 115 5 18 i 10 41 & 41 1L &
gL, R PUMLr4eL V72, g2 BRI, A R 4
(10 25 [R IR TE M55 R i P v R A 84k, o I
FRAS YRR T AP AL A0 2 0 . 3 — DA
FME RS AR MR, TTHENE
YR IR, KA BT R AR Il 2 4 A g o
ML o

6 MNEHEES5RMEIEEESERmST
HihHIER

LI T e Bl 2 AR e 3G K T ek 55, 2 2R
NILE R R 7T AR, SR B DhRe 240, &
NTRIERE, FEOEMMNSE; KD
RESZH, B4 M K g K, SEEARBHR. K
Jb RN A 54 o 3K 2 DR 2R AL (R HE B T M 47 4
PRI R AR ), 3 2 A DR LA T R R 1 2 AL 1)
SR, I 3 35N B2 4T i 3 R R i AR 204
RASLANZEL@E LT AN RN AN FERF 7L T A1
FE/NRUI BLMAGR G, R B0 T A4/ ST Y 52 40
{3 A PR 85 S 2 JBt A v O R 2 38 HH B, TS24
/IN BRI A P R A TS A R SR A T AR SR X 3, R
B2 AP il LA ok I R i LIRS R B P B
R VRIS . £F4EALFE R i, $RORIEEAH KN
I3 N B TR RS (R 30 T b £F 4t it Jg o a R R I
R PR 9 732 7 SR PR ol L8 D) e B A - 80 18
(el ReE, Ml B S B A, e R 5|
il L/ Th e AS , wld ik AN, AR 4R R 5k
W M2 2R 51 R ()5 (D AF 44k, BAUF4E R A
B R 93 A 38 0 TPF &5 AR iR ] /g U677 AR 9E K
P G i 50 Jik 5 1 () TP BB 2 o 00 2 1) i 1 5 3
RERRAS, RN ML BH 7t s, a1 556
KISV, X BLME S 10 PF/N B 2 41 i ()
RWLIBAL R e i TR, N 2 B R ETSAHH
KIER ERGIER Yt R B M E B R, 5L
AR DRI, FEON KA BERGHH, #EM {2
HERb 2T 240 U9, G A I A 23 0 2R 45 1 T R B A A1
A4 VIR oG, Bilan, P9 Rz 4 i HoS I RE
TS T AT I O P A 1 77 - 1 (plasminogen
activator inhibitor-1, PAI-1)[{]3ZiA5 F i, fe &Lt
il £ 24 4k 1 e 2B B0 N Rz 4T T e B S H RO B IA
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N FERH LT AEAL R I — A SRR 3%, (HOLA 1B
o T HA M, Bh Z 05 A B 4 i D g B
15 15 B4 5 U 21 4 A sl A 5 5 w0 JR) A2 45
[E1) 32 00 Je) il 21 44 A B HL A (B R0, DR R ORIE /5
DR TAE .

7 NG

ARSI GE T P S A AE i 2T 4 AL R
Pl s EZAE R, R T H 2 4RSS 5L
DA BT A, Filiitd b B 20 Y S O 0T e T
UEAL S L) R AN R 3R, (2 R AR B RIS S
FRIB 4 N B AN SR AT HEAL I AR, 36 A2 N B4R A
SHE YA R AG I BU I = S M 1, 1K — 1) AT
SRAFAE G DRI, SRR I AL PAY 2 4 £ i 27 4
AR B AR 512 3E , BB ARHLHI)
it D ERAWT T Fi IS PN R 20 3 i 2 Fig 42
5 T AL R AR R, X EEAE AV By
B A B, b i 5 A AR SRR A T AR
DL L 2R R PRI 3 I S 1 P B2 240 i 5 A 40 i 5K
R R A AR S o FEIRLE], DR AR LT 44
BRI Z R, XA BT 4L G T St
B4 T AN R B S SR

SE 3Lk (References)

[1] KOUDSTAAL T, FUNKE-CHAMBOUR M, KREUTER M, et
al. Pulmonary fibrosis: from pathogenesis to clinical decision-
making [J]. Trends Mol Med, 2023, 29(12): 1076-87.

[2] MARCHIONI A, TONELLI R, CERRI S, et al. Pulmonary
stretch and lung mechanotransduction: implications for progres-
sion in the fibrotic lung [J]. Int J Mol Sci, 2021, doi: 10.3390/
ijms22126443.

[3] ZHAO W, WANG L, WANG Y, et al. Injured endothelial cell: a
risk factor for pulmonary fibrosis [J]. Int J Mol Sci, 2023, doi:
10.3390/ijms24108749.

[4] OUXM,LIWC,LIUD S, et al. VEGFR-2 antagonist SU5416
attenuates bleomycin-induced pulmonary fibrosis in mice [J]. Int
Immunopharmacol, 2009, 9(1): 70-9.

[S] IYERAK, RAMESH V, CASTRO C A, et al. Nitric oxide medi-
ates bleomycin-induced angiogenesis and pulmonary fibrosis via
regulation of VEGF [J]. J Cell Biochem, 2015, 116(11): 2484-93.

[6] SUN X, NKENNOR B, MASTIKHINA O, et al. Endothelium-
mediated contributions to fibrosis [J]. Semin Cell Dev Biol, 2020,
101: 78-86.

[77 CAPORARELLO N, LIGRESTI G. Vascular contribution to lung
repair and fibrosis [J]. Am J Respir Cell Mol Biol, 2023, 69(2):
135-46.

[8] MOSS B J, RYTER S W, ROSAS I O. Pathogenic mechanisms
underlying idiopathic pulmonary fibrosis [J]. Annu Rev Pathol,

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

2022, 17: 515-46.

MAY J, MITCHELL J A, JENKINS R G. Beyond epithelial dam-
age: vascular and endothelial contributions to idiopathic pulmo-
nary fibrosis [J]. J Clin Invest, 2023, doi: 10.1172/jci172058.
SURESH K, SHIMODA L A. Lung circulation [J]. Compr Physi-
ol, 2016, 6(2): 897-943.

KRUGER-GENGE A, BLOCKI A, FRANKE R P, et al. Vascu-
lar endothelial cell biology: an update [J]. Int J Mol Sci, 2019,
20(18): 4411.

TOWNSLEY M . Structure and composition of pulmonary ar-
teries, capillaries, and veins [J]. Compr Physiol, 2012, 2(1): 675-
709.

SIMMONS S, ERFINANDA L, BARTZ C, et al. Novel mecha-
nisms regulating endothelial barrier function in the pulmonary
microcirculation [J]. J Physiol, 2019, 597(4): 997-1021.
GILLICH A, ZHANG F, FARMER C G, et al. Capillary cell-type
specialization in the alveolus [J]. Nature, 2020, 586(7831): 785-
9.

BOREK I, BIRNHUBER A, VOELKEL N F, et al. The vascular
perspective on acute and chronic lung disease [J]. J Clin Invest,
2023, doi: 10.1172/j¢ci170502.

MAY J, MITCHELL J A, JENKINS R G. Beyond epithelial dam-
age: vascular and endothelial contributions to idiopathic pulmo-
nary fibrosis [J]. J Clin Invest, 2023, doi: 10.1172/jci172058.
MAGRO C M, WALDMAN W J, KNIGHT D A, et al. Idiopathic
pulmonary fibrosis related to endothelial injury and antiendothe-
lial cell antibodies [J]. Hum Immunol, 2006, 67(4/5): 284-97.
ADAMS T S, SCHUPP J C, POLI S, et al. Single-cell RNA-
seq reveals ectopic and aberrant lung-resident cell populations in
idiopathic pulmonary fibrosis [J]. Sci Adv, 2020, doi: 10.1126/
sciadv.abal983.

PHAN T H G, PALIOGIANNIS P, NASRALLAH G K, et al.
Emerging cellular and molecular determinants of idiopathic pul-
monary fibrosis [J]. Cell Mol Life Sci, 2021, 78(5): 2031-57.
YUN E, KOOK Y, YOO K H, et al. Endothelial to mesenchymal
transition in pulmonary vascular diseases [J]. Biomedicines,
2020, doi: 10.3390/biomedicines8120639.

CHOI S H, HONG Z Y, NAM J K, et al. A hypoxia-induced vas-
cular endothelial-to-mesenchymal transition in development of
radiation-induced pulmonary fibrosis [J]. Clin Cancer Res, 2015,
21(16): 3716-26.

RYDELL-TORMANEN K, WESTERGREN-THORSSON G.
Whnt-imbalance within the endothelial niche contributes to pul-
monary fibrosis [J]. Lab Investig, 2014, 2015: 1-12.

MA K L, LIU J, NI J, et al. Inflammatory stress exacerbates the
progression of cardiac fibrosis in high-fat-fed apolipoprotein E
knockout mice via endothelial-mesenchymal transition [J]. Int J
Med Sci, 2013, 10(4): 420-6.

WANG F F, ZHANG J L, J1'Y, et al. KLF2 mediates the suppres-
sive effect of BDNF on diabetic intimal calcification by inhibit-
ing HK1 induced endothelial-to-mesenchymal transition [J]. Cell
Signal, 2022, doi: 10.1016/j.cellsig.2022.110324.

SMITH J S, GORBETT D, MUELLER J, et al. Pulmonary hy-
pertension and idiopathic pulmonary fibrosis: a dastardly duo [J].
Am J Med Sci, 2013, 346(3): 221-5.

GORELOVA A, BERMAN M, AL GHOULEH I. Endothelial-to-
mesenchymal transition in pulmonary arterial hypertension [J].



FEVEE S5 P IR P R A i T 2 A RO L e R S e

1211

[27]

(28]

[29]

[30]

61

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Antioxid Redox Signal, 2021, 34(12): 891-914.
PIERA-VELAZQUEZ S, MENDOZA F A, JIMENEZ S A. En-
dothelial to mesenchymal transition (endomt) in the pathogenesis
of human fibrotic diseases [J]. J Clin Med, 2016, doi: 10.3390/
jem5040045.

HONG L, DU X, LI W, et al. EndMT: a promising and contro-
versial field [J]. Eur J Cell Biol, 2018, 97(7): 493-500.

ZHANG X, XU Z, CHEN Q, et al. Notch signaling regulates
pulmonary fibrosis [J]. Front Cell Dev Biol, 2024, doi: 10.3389/
fcell.2024.1450038.

TZAVLAKI K, MOUSTAKAS A. TGF-p signaling [J]. Biomol-
ecules, 2020, doi: 10.3390/biom10030487.
PIERA-VELAZQUEZ S, MAKUL A, JIMENEZ S A. Increased
expression of NAPDH oxidase 4 in systemic sclerosis dermal
fibroblasts: regulation by transforming growth factor B [J]. Ar-
thritis Rheumatol, 2015, 67(10): 2749-58.

DOBLE B W, WOODGETT J R. Role of glycogen synthase
kinase-3 in cell fate and epithelial-mesenchymal transitions [J].
Cells Tissues Organs, 2007, 185(1/2/3): 73-84.

LI Z, JIMENEZ S A. Protein kinase C3 and c-Abl kinase are re-
quired for transforming growth factor B induction of endothelial-
mesenchymal transition in vitro [J]. Arthritis Rheum, 2011, 63(8):
2473-83.

HULSHOFF M S, DEL MONTE-NIETO G, KOVACIC J, et al.
Non-coding RNA in endothelial-to-mesenchymal transition [J].
Cardiovasc Res, 2019, 115(12): 1716-31.

HO Y Y, LAGARES D, TAGER A M, et al. Fibrosis: a lethal
component of systemic sclerosis [J]. Nat Rev Rheumatol, 2014,
10(7): 390-402.

HASHIMOTO N, PHAN S H, IMAIZUMI K, et al. Endothelial-
mesenchymal transition in bleomycin-induced pulmonary fibrosis
[J]. Am J Respir Cell Mol Biol, 2010, 43(2): 161-72.

XUY, HU X, ZHANGYY, et al. Heterogeneous microenvironment
analysis to explore the potential regulatory role of endothelial-
mesenchymal transition in idiopathic pulmonary fibrosis [J]. Ann
Transl Med, 2022, 10(8): 486.

MARTIN M, ZHANG J, MIAOY, et al. Role of endothelial cells
in pulmonary fibrosis via SREBP2 activation [J]. JCI Insight,
2021, doi: 10.1172/jci.insight.125635.

YARNOLD J, BROTONS M C. Pathogenetic mechanisms in
radiation fibrosis [J]. Radiother Oncol, 2010, 97(1): 149-61.
FUTL, LIGR, LID H, et al. Mangiferin alleviates diabetic pul-
monary fibrosis in mice via inhibiting endothelial-mesenchymal
transition through AMPK/FoxO3/SIRT3 axis [J]. Acta Pharmacol
Sin, 2024, 45(5): 1002-18.

SAVIN T A, ZENKOVA M A, SEN’KOVA A V. Pulmonary fibro-
sis as a result of acute lung inflammation: molecular mechanisms,
relevant in vivo models, prognostic and therapeutic approaches
[J]. Int J Mol Sci, 2022, doi: 10.3390/ijms232314959.

POBER J S, SESSA W C. Evolving functions of endothelial cells
in inflammation [J]. Nat Rev Immunol, 2007, 7(10): 803-15.
ZHAO W, WANG L, WANG Y, et al. Injured endothelial cell: a
risk factor for pulmonary fibrosis [J]. Int J Mol Sci, 2023, doi:
10.3390/ijms24108749.

WILLIAMSON J D, SADOFSKY L R, CROOKS M G, et al.
Bleomycin increases neutrophil adhesion to human vascular en-

dothelial cells independently of upregulation of ICAM-1 and E-

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

selectin [J]. Exp Lung Res, 2016, 42(8/9/10): 397-407.

LI D, GUABIRABA R, BESNARD A G, et al. IL-33 promotes
ST2-dependent lung fibrosis by the induction of alternatively
activated macrophages and innate lymphoid cells in mice [J]. J
Allergy Clin Immunol, 2014, doi: 10.1016/j.jaci.2014.05.011.
ZHANG Y, ZHU L, HONG J, et al. Extracellular matrix of
early pulmonary fibrosis modifies the polarization of alveolar
macrophage [J]. Int Immunopharmacol, 2022, doi: 10.1016/
j.intimp.2022.109179.

DE ROOIJ L, BECKER L M, TEUWEN L A, et al. The pulmo-
nary vasculature in lethal COVID-19 and idiopathic pulmonary
fibrosis at single-cell resolution [J]. Cardiovasc Res, 2023,
119(2): 520-35.

YIN Q, NAN H Y, ZHANG W H, et al. Pulmonary microvascu-
lar endothelial cells from bleomycin-induced rats promote the
transformation and collagen synthesis of fibroblasts [J]. J Cell
Physiol, 2011, 226(8): 2091-102.

BIAN F, LAN Y W, ZHAO 8, et al. Lung endothelial cells regu-
late pulmonary fibrosis through FOXF1/R-Ras signaling [J]. Nat
Commun, 2023, 14(1): 2560.

HE C, ZHENG S, LUOY, et al. Exosome theranostics: biology
and translational medicine [J]. Theranostics, 2018, 8(1): 237-55.
KUBO H. Extracellular vesicles in lung disease [J]. Chest, 2018,
153(1): 210-6.

LETSIOU E, BAUER N. Endothelial extracellular vesicles in
pulmonary function and disease [J]. Curr Top Membr, 2018, 82:
197-256.

FUJIMOTO S, FUJITA Y, KADOTA T, et al. Intercellular com-
munication by vascular endothelial cell-derived extracellular
vesicles and their micrornas in respiratory diseases [J]. Front Mol
Biosci, 2020, doi: 10.3389/fmolb.2020.619697.

DE JONG O G, VAN BALKOM B W, GREMMELS H, et al.
Exosomes from hypoxic endothelial cells have increased colla-
gen crosslinking activity through up-regulation of lysyl oxidase-
like 2 [J]. J Cell Mol Med, 2016, 20(2): 342-50.

WU X, GAOY, XU L, et al. Exosomes from high glucose-treated
glomerular endothelial cells trigger the epithelial-mesenchymal
transition and dysfunction of podocytes [J]. Sci Rep, 2017, 7(1):
9371.

WANG Y C, XIE H, ZHANG Y C, et al. Exosomal miR-107 an-
tagonizes profibrotic phenotypes of pericytes by targeting a path-
way involving HIF-10/Notch1/PDGFRB/YAP1/Twistl axis in
vitro [J]. Am J Physiol Heart Circ Physiol, 2021, 320(2): H520-
34.

VAN DIJK C G, NIEUWEBOER F E, PEI ] Y, et al. The com-
plex mural cell: pericyte function in health and disease [J]. Int J
Cardiol, 2015, 190: 75-89.

GAENGEL K, GENOVE G, ARMULIK A, et al. Endothelial-
mural cell signaling in vascular development and angiogenesis [J].
Arterioscler Thromb Vasc Biol, 2009, 29(5): 630-8.

XIE H, GAO Y M, ZHANG Y C, et al. Low let-7d exosomes
from pulmonary vascular endothelial cells drive lung pericyte
fibrosis through the TGFBRI/FoxM1/Smad/B-catenin pathway [J].
J Cell Mol Med, 2020, 24(23): 13913-26.

FENG Z, ZHOU J, LIU Y, et al. Epithelium- and endothelium-
derived exosomes regulate the alveolar macrophages by targeting
RGS1 mediated calcium signaling-dependent immune response



1212

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[J]. Cell Death Differ, 2021, 28(7): 2238-56.

BACHA N C, BLANDINIERES A, ROSSI E, et al. Endothelial
microparticles are associated to pathogenesis of idiopathic pul-
monary fibrosis [J]. Stem Cell Rev Rep, 2018, 14(2): 223-35.
CHADE A R. Renal vascular structure and rarefaction [J]. Compr
Physiol, 2013, 3(2): 817-31.

EBINA M, SHIMIZUKAWA M, SHIBATA N, et al. Hetero-
geneous increase in CD34-positive alveolar capillaries in idio-
pathic pulmonary fibrosis [J]. Am J Respir Crit Care Med, 2004,
169(11): 1203-8.

BALLERMANN B J, OBEIDAT M. Tipping the balance from
angiogenesis to fibrosis in CKD [J]. Kidney Int Suppl, 2014,
4(1): 45-52.

BASILE D P. Challenges of targeting vascular stability in acute
kidney injury [J]. Kidney Int, 2008, 74(3): 257-8.

AKAHORI D, INUI N, INOUE Y, et al. Effect of hypoxia on
pulmonary endothelial cells from bleomycin-induced pulmo-
nary fibrosis model mice [J]. Int J Mol Sci, 2022, doi: 10.3390/
ijms23168996.

HANUMEGOWDA C, FARKAS L, KOLB M. Angiogenesis in
pulmonary fibrosis: too much or not enough [J]? Chest, 2012,
142(1): 200-7.

AFSAR B, AFSAR R E, DAGEL T, et al. Capillary rarefaction
from the kidney point of view [J]. Clin Kidney J, 2018, 11(3):
295-301.

FARKAS L, GAULDIE J, VOELKEL N F, et al. Pulmonary
hypertension and idiopathic pulmonary fibrosis: a tale of angio-
genesis, apoptosis, and growth factors [J]. Am J Respir Cell Mol
Biol, 2011, 45(1): 1-15.

CAPORARELLO N, MERIDEW J A, ARAVAMUDHAN A, et
al. Vascular dysfunction in aged mice contributes to persistent
lung fibrosis [J]. Aging Cell, 2020, doi: 10.1111/acel.13196.

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

HU B, WU Z, BAI D, et al. Mesenchymal deficiency of Notchl
attenuates bleomycin-induced pulmonary fibrosis [J]. Am J
Pathol, 2015, 185(11): 3066-75.

KIDA'Y, ZULLO J A, GOLIGORSKY M S. Endothelial sirtuin
1 inactivation enhances capillary rarefaction and fibrosis follow-
ing kidney injury through Notch activation [J]. Biochem Biophys
Res Commun, 2016, 478(3): 1074-9.

SCIOLI M G, BIELLI A, ARCURI G, et al. Ageing and micro-
vasculature [J]. Vasc Cell, 2014, doi: 10.1186/2045-824x-6-19.
DIKALOV S. Cross talk between mitochondria and NADPH
oxidases [J]. Free Radic Biol Med, 2011, 51(7): 1289-301.
RASLAN A A, PHAM T X, LEE J, et al. Lung injury-induced
activated endothelial cell states persist in aging-associated pro-
gressive fibrosis [J]. Nat Commun, 2024, 15(1): 5449.

BAI L, ZHANG L, PAN T, et al. Idiopathic pulmonary fibrosis
and diabetes mellitus: a meta-analysis and systematic review [J].
Respir Res, 2021, 22(1): 175.

MZIMELA N, DIMBA N, SOSIBO A, et al. Evaluating the im-
pact of type 2 diabetes mellitus on pulmonary vascular function
and the development of pulmonary fibrosis [J]. Front Endocrinol,
2024, doi: 10.3389/fend0.2024.1431405.

NATHAN S D, TEHRANI B, ZHAO Q, et al. Pulmonary vascu-
lar dysfunction without pulmonary hypertension: a distinct phe-
notype in idiopathic pulmonary fibrosis [J]. Pulm Circ, 2024, doi:
10.1002/pul2.12311.

CAPORARELLO N, LEE J, PHAM T X, et al. Dysfunctional
ERG signaling drives pulmonary vascular aging and persistent
fibrosis [J]. Nat Commun, 2022, 13(1): 4170.

CHEN X, WANG H, WU C, et al. Endothelial H,S-AMPK
dysfunction upregulates the angiocrine factor PAI-1 and con-
tributes to lung fibrosis [J]. Redox Biol, 2024, doi: 10.1016/
j.redox.2024.103038.



